Rnf proteins are proposed to form membrane-protein complexes involved in the reduction of target proteins such as the transcriptional regulator SoxR or the dinitrogenase reductase component of nitrogenase. In this work, we investigate the role of rnf genes in the nitrogen-fixing bacterium Azotobacter vinelandii. We show that A. vinelandii has two clusters of rnf-like genes: rnf1, whose expression is nif-regulated, and rnf2, which is expressed independently of the nitrogen source in the medium. Deletion of each of these gene clusters produces a time delay in nitrogen-fixing capacity and, consequently, in diazotrophic growth. ⌬rnf mutations cause two distinguishable effects on the nitrogenase system: (i), slower nifHDK gene expression and (ii), impairment of nitrogenase function. In these mutants, dinitrogenase reductase activity is lowered, whereas dinitrogenase activity remains essentially unaltered. Further analysis indicates that ⌬rnf mutants accumulate an inactive and iron-deficient form of NifH because they have lower rates of incorporation of [4Fe-4S] into NifH. ⌬rnf mutations also cause a noticeable decrease in aconitase activity; however, they do not produce general oxidative stress or modification of Fe metabolism in A. vinelandii. Our results suggest the existence of a redox regulatory mechanism in A. vinelandii that controls the rate of expression and maturation of nitrogenase by the activity of the Rnf protein complexes. rnf1 plays a major and more specific role in this scheme, but the additive effects of mutations in rnf1 and rnf2 indicate the existence of functional complementation between the two homologous systems.
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iron-sulfur cluster ͉ NifH ͉ rnf T he conversion of N 2 gas to ammonia is called nitrogen fixation. The ability to fix nitrogen, which is confined to prokaryotes, constitutes a crucial part of the nitrogen cycle in the biosphere that is necessary to sustain life on Earth. The great majority of biological nitrogen fixation is catalyzed by the molybdenum-containing nitrogenase, which is composed of two proteins that can be separately purified: dinitrogenase and dinitrogenase reductase. Dinitrogenase, also referred to as the MoFe protein or component I, is a 220-to 240-kDa tetramer of the nifD and nifK (nif genes encode proteins involved in nitrogen fixation) gene products that contains two pairs of two complex metalloclusters known as the P cluster and the iron molybdenum cofactor (FeMo-co). Dinitrogenase reductase, also referred to as the Fe protein or component II, is a 60-kDa dimer of the product of the nifH gene, which contains a single [4Fe-4S] cluster at the subunit interface and two Mg-ATP binding sites, one at each subunit. The Fe protein is the obligate electron donor to the MoFe protein; electrons are transferred from the [4Fe-4S] cluster of the Fe protein to the P cluster of the MoFe protein and, in turn, to FeMo-co, the site for substrate reduction (1) (2) (3) .
Much effort has been applied to the study of nitrogenase metallocluster assembly because it is not only relevant to biological nitrogen fixation, but to understand other complex metalloenzymes with significance to all of biology (see refs. 4-7 for recent reviews). It should be noted that a very large number of enzymes that are involved in processes as diverse as electron transfer, catalysis, and redox sensing carry some type of [Fe-S] clusters (8) . A cornerstone in the study of metallocluster assembly was the determination of the roles of NifU and NifS in the assembly of [Fe-S] clusters for nitrogenase components, which represent a specialization of the roles performed by the homologous proteins IscU and IscS in general [Fe-S] cluster assembly (reviewed in refs. 9 and 10). NifS is a cysteine desulfurase that uses L-cysteine as a substrate to provide sulfur for [Fe-S] cluster formation (11), whereas NifU serves as molecular scaffold for the NifS-dependent [Fe-S] cluster assembly (12) . How newly formed [Fe-S] clusters are transferred from NifU to target apoproteins and whether the receptor apoproteins must be activated before cluster insertion is not known.
Both nitrogenase components are irreversibly inactivated by oxygen, and nitrogen-fixing organisms have developed different strategies to keep nitrogenase protected from oxygen. These strategies include living in anaerobic environments, the depletion of intracellular oxygen by high respiratory activity when living in aerobic environments, or the development of specialized cells (heterocysts) that keep nitrogenase in a microaerobic environment (13) . The free-living aerobic bacterium Azotobacter vinelandii is remarkable for combining highly aerobic metabolism with nitrogen fixation in a single cell and serves as a model organism for the study of nitrogen fixation. A. vinelandii contains two clusters of rnf-like genes (rnf genes encode proteins involved in nitrogen fixation in Rhodobacter capsulatus). Cluster rnf1 was found adjacent to nafY, a non-nif gene involved in apodinitrogenase maturation (14) and cluster rnf2 has been detected by BLAST with the data from the Azotobacter genome-sequencing project (www.ncbi.nlm.nih.gov͞ sutils͞genomtable.cgi). The rnf genes were first found in Rhodobacter capsulatus, where genetic and biochemical analysis together with sequence comparison suggested that they encoded the subunits of a membrane-bound protein complex involved in electron transport to nitrogenase (15) (16) (17) (18) (19) . Some rnf-like genes have also been identified in nondiazotrophic microorganisms such as the pathogenic bacteria Vibrio spp. and the enterobacterium Escherichia coli (16, 20, 21) . In E. coli, the rnf-like gene cluster (designated rsxABCDGE) is required to keep the redox-sensitive transcriptional factor SoxR in its reduced (inactive) state during normal aerobic growth (21) . SoxR contains a [2Fe-2S] cluster that undergoes reversible one-electron redox changes. When oxidized, SoxR activates transcription of soxS, whose product, in turn, induces other genes to protect against oxidative stress (22) . In Vibrio spp., the rnf-like genes are named nqr and encode the components of a Na ϩ -dependent NADH-quinone reductase that functions as an electrogenic Na ϩ pump involved in solute import, ATP synthesis, and flagellum rotation (23) .
In this work, we have deleted the rnf gene clusters from the chromosome of A. vinelandii to determine their roles in the diazotrophic metabolism of this bacterium. We show that the rnf gene products are specifically required for the rapid accumulation of the matured, [4Fe-4S] cluster-containing form of dinitrogenase reductase. and ⌬rnf2 mutant strains lack the entire rnf1 and rnf2 gene clusters, respectively. For the analysis of rnf1, rnf2, and nifHDK gene cluster expression, the reporter gene lacZ was inserted at a position corresponding to the start point of the first gene in each cluster to minimize polar effects. All mutants were analyzed by PCR amplification of the targeted region to confirm that gene replacement and segregation events occurred.
Experimental Procedures
Bacterial Growth and Nitrogenase Derepression. For more information, see Supporting Experimental Procedures, which is published as supporting information on the PNAS web site.
In Vivo and in Vitro Nitrogenase Activities. In vivo nitrogenase activity was determined by ethylene production at 30°C for 30 min in 1-ml culture samples as described in ref. 27 . In vitro nitrogenase activity was determined in samples of anaerobic cell-free extracts prepared by osmotic-shock (28) . Dinitrogenase and dinitrogenase reductase activities were obtained after titration with an excess of the complementary component as described in ref. 29 Other Enzymatic Activities. ␤-galactosidase activity was assayed in permeabilized A. vinelandii cells essentially as described by Miller (30) . Catalase activity (31) and aconitase activity (32) were determined by using published methods. A. vinelandii respiration rates were determined in cells from 50-ml cultures with an OD 580 of 0.75 that had been incubated in 500-ml Erlenmeyer flasks for 7 h at 30°C with shaking at 200 rpm. One-milliliter samples of these cell cultures were added to 4 ml of Burk's modified medium at 28.5°C in a 13-ml sealed vial containing a magnetic stir bar, an inlet͞outlet tube, and a dissolved-oxygen probe (CheckMate II, Corning).
Protein Assays. Protein concentration was determined by the bicinchoninic acid method with BSA as the standard (33) . Procedures for SDS͞PAGE (34) , immunoblot analysis (35), anoxic nondenaturing gel electrophoresis (36) , and iron staining (37) have been described.
Results

A. vinelandii Possesses Two Clusters of rnf-Like Genes.
We have identified two clusters of rnf-like genes in the genome of A. vinelandii (Fig. 1A) . Cluster rnf1 consists of seven rnf-like genes located in between nifL and nafY in the A. vinelandii chromosome with a nifAL-rnfABCDGEH-nafY gene arrangement (ref. 14; GenBank accession no. AF450501). Transcription of nifLA and rnfAB-CDGEH proceeds divergently. Cluster rnf2 consists of six rnf-like genes and one nth gene (encoding endonuclease III in most bacteria) with a rnfABCDGEnth gene arrangement (GenBank accession nos. ZP00090582-ZP00090587). The equivalent gene products of rnf1 and rnf2 clusters are homologs that exhibit the following similarity percentages: RnfA1 to RnfA2 (48%), RnfB1 to RnfB2 (41%), RnfC1 to RnfC2 (46%), RnfD1 to RnfD2 (40%), RnfG1 to RnfG2 (35%), and RnfE1 to RnfE2 (44%). It should also be noted that the products of A. vinelandii rnf1 are most similar to rnf genes found in other diazotrophs like R. capsulatus (18, 19) and Pseudomonas stutzeri (38) , whereas the products of rnf2 are most similar to rnf genes found in nondiazotrophic bacteria like E. coli (20, 21) .
The Expression of rnf1 Is Nif-Regulated, but rnf2 Is Constitutively Expressed. A. vinelandii strains containing chromosomal P rnf1 ::lacZ::, P rnf2 ::lacZ, and P nifH ::lacZ transcriptional fusions were constructed to determine whether rnf gene expression was nifregulated. We found that rnf2 has constitutive expression regardless of the nitrogen source present in the medium, whereas rnf1 expression is activated 10-fold after 6 h of ammonium deprivation, indicating coregulation of rnf1 with nif genes (Fig. 1 ). To conclusively prove that rnf1 is a cluster of nif genes, lacZ-gene fusions were analyzed in a ⌬nifA genetic background. Fig. 1 shows the expression of rnf1 to be NifA-dependent and the expression of rnf2 to be independent of NifA (compare strains UW217 and UW219 in Fig. 1 B and C, respectively). As a control, expression of nifH was analyzed and found to be NifA-dependent and to increase 400-fold after 6 h of incubation under nitrogenase derepression conditions (Fig. 1D) . Inspection of the DNA sequence upstream from the rnf1 cluster is consistent with its NifA dependence. The promoter region of rnf1 presents two upstream activator sequences (UAS) centered at nucleotide positions Ϫ204 and Ϫ247 with respect to the putative rnf1 translation start point with a sequence AGCTGT (X) 3 AAA (X) 3 ACAA (the consensus for UAS is underlined). A 54 -RNA polymerase binding sequence, CTGG (X) 8 ATGCA, centered at nucleotide position Ϫ62 with respect of the rnf1 translation start site is also present. No UAS or 54 binding sequences could be identified in DNA sequences up to 1 kbp upstream of the putative translation start site of the gene cluster rnf2.
Deletion of rnf1 and rnf2 Gene Clusters Delays the Appearance of in Vivo Nitrogen-Fixing Activity and Exponential Diazotrophic Growth.
It has been reported that mutations of rnf genes from R. capsulatus or P. stutzeri eliminate nitrogen-fixing ability and diazotrophic growth without affecting ammonium-dependent growth. These results and additional experimental evidence suggested a role for Rnf proteins in electron transfer to nitrogenase in those bacteria (18, 38) . To understand the physiological role of Rnf proteins in A. vinelandii, we have generated mutant strains that lack one or both rnf-like gene clusters. Our analysis showed that rnf2 is required for growth in the presence of ammonium, whereas rnf1 requirement was only evident in a ⌬rnf2 mutant background, which suggests functional complementation between Rnf1 and Rnf2 proteins ( Fig.  2A and Table 1 ). The chromosomal deletion in strain UW207 covers both cluster rnf2 and the nth gene (⌬rnfABCDGEnth::sp). We restored nth function by transforming UW207 with an A. vinelandii chromosomal DNA fragment containing an in-frame deletion of rnf2 genes and an intact copy of nth. The resulting strain exhibited identical growth defects as UW207 (data not shown), indicating that rnf2 and not nth mutation was responsible of the observed phenotype of UW207.
When ammonium-grown cells were placed under nitrogenase derepression conditions, a requirement for rnf1 and rnf2 was manifested as a 10-h delay in achieving exponential diazotrophic growth for the single mutants and as a very slow growth in the case of the ⌬rnf1rnf2 double-mutant strain (Fig. 2B ). As illustrated in Fig. 2C , growth differences among wild-type and mutant strains were especially important in the first hours of nitrogenase derepression. Interestingly, the ⌬rnf2 mutant strain grew better under diazotrophic growth conditions than it did in the presence of ammonium (Table 1) . This fact, which again indicates functional complementation between rnf1 and rnf2, is consistent with the observed up-regulation of rnf1 expression in the absence of ammonium. The defect of ⌬rnf mutant strains in diazotrophic growth was correlated to a defect in nitrogen fixation activity in vivo (Fig.  2D) . Seven hours after derepression, nitrogenase activity levels in ⌬rnf1, ⌬rnf2, and ⌬rnf1rnf2 mutant strains were 15%, 35%, and 5% of wild-type levels, respectively. Altogether, these results suggest that (i) the A. vinelandii rnf1 gene cluster specifically plays a role in nitrogen fixation, whereas the role of rnf2 is more evident under nonfixing conditions, and (ii) rnf1 and rnf2 gene-product functions can partially replace each other.
The ⌬rnf Mutants Exhibit Decreased Rates of nifHDK Expression and
NifHDK Accumulation. The lower in vivo nitrogen fixation activity exhibited by ⌬rnf mutants could be due to a lower accumulation of nitrogenase, a defect in nitrogenase function, or both. We analyzed nifHDK expression in reporter strains bearing a P nifH ::lacZ transcriptional fusion and found that ⌬rnf1 and ⌬rnf2 mutants expressed nifHDK at lower rates than the wild-type strain (Fig. 3A) . Immunoblot analysis confirmed that NifHDK accumulation was slower in ⌬rnf mutants than in wild type, especially in the ⌬rnf1rnf2 double mutant (Fig. 3B) . However, ⌬rnf strains accumulate wildtype levels of NifHDK polypeptides 7 h after initiating nitrogenase derepression, when in vivo nitrogen fixation activities and diazotrophic growth rates were still severely impaired (see Fig. 2 ). These results indicate that the rnf genes are required for rapid expression of nifHDK during the first hours of nitrogenase derepression and for nitrogenase activity, the latest becoming evident at a stage when NifHDK have accumulated to wild-type levels.
The ⌬rnf Mutants Exhibit Low Levels of Dinitrogenase Reductase
Activity. The effect of rnf deletions on nitrogenase activity was studied in vitro by using assays for nitrogenase components. Cell extracts were obtained from A. vinelandii cells after 7 h of nitrogenase derepression, conditions in which wild-type and mutant strains accumulate similar levels of NifHDK. Nitrogenase activity levels in extracts of ⌬rnf1 and ⌬rnf2 mutants were 25% of wild type, and extracts from the ⌬rnf1rnf2 double mutant exhibited 1% of wild-type activity (Table 1) . This result differs from results with extracts of R. capsulatus rnf mutants, which exhibit nearly the same ratio of in vitro acetylene reduction activity to NifHDK protein as wild type (18) .
To learn which one of nitrogenase components was inactive in the A. vinelandii ⌬rnf mutants, dinitrogenase and dinitrogenase reductase activities were separately assayed by supplementing the ⌬rnf cell extracts with saturating amounts of purified complementary component. Although the addition of dinitrogenase (NifDK) did not increase acetylene reduction activity in extracts, addition of pure dinitrogenase reductase (NifH) restored acetylene reduction nearly to wild-type levels (Table 1 ). This result demonstrates that A. vinelandii ⌬rnf mutants are specifically impaired in dinitrogenase reductase activity.
NifH Is Iron Deficient in ⌬rnf Mutants. Because ⌬rnf mutants accumulate wild-type levels of NifH polypeptide after 7 h of nitrogenase derepression but exhibited much lower levels of dinitrogenase reductase activity, we reasoned that these mutants could be accumulating NifH in a nonfunctional form. Native NifH migrates at a discrete position in anoxic native gels that can be identified by running a sample of purified NifH along with the tested cell extracts. (Although not shown, the NifH position was also identified by immunoblot analysis.) Anoxic-native gel analysis showed that the extracts from ⌬rnf mutants contained low levels of native NifH compared with the wild type (Fig. 4A) . Staining anoxic native gels for iron-containing proteins showed a band at the position of purified NifH that was present in extracts of wild-type strain but absent in those of ⌬rnf mutants (Fig. 4B) . With the exception of the band corresponding to NifH, the profiles of Fe-containing proteins observed by native gel electrophoresis were similar in wild-type and ⌬rnf mutant strains. The same results were obtained in anoxicnative gel electrophoresis of 55 Fe-labeled extracts from wild type and ⌬rnf mutants (data not shown). Immunoblot analysis of anoxicnative gel electrophoresis shows that NifH from ⌬rnf mutants aggregates and migrates at many different positions (data not shown); this migration pattern resembles the one observed upon subjecting NifH to air oxidation, which results in degradation of the [4Fe-4S] cluster (29) . Thus, a possible explanation is that A. vinelandii rnf genes are required for the stable accumulation of the [4Fe-4S] cluster in NifH.
To study whether ⌬rnf mutants accumulate an Fe-deficient form of NifH in vivo, we developed a protocol to immunoprecipitate 55 Fe-labeled NifH from cell extracts. The amount of 55 Fe incorporated into cell extracts was similar in A. vinelandii wild-type and ⌬rnf mutant strains (Fig. 4E) . However, 55 Fe radioactivity immunoprecipitated by anti-NifH (␣-NifH) antibodies was 19%, 22%, and 17% of wild-type values for the ⌬rnf1, ⌬rnf2, and ⌬rnf1rnf2 strains, respectively (Fig. 4C ). The fact that purified NifH efficiently saturated ␣-NifH antibodies in the competition controls indicates that the protocol used was specific for 55 Fe associated with NifH. There is a difference between the amount of 55 Fe associated to NifH (17% of wild type) and the level of dinitrogenase reductase activity (1% of wild type) observed in the ⌬rnf1rnf2 mutant strain (at this time, we do not understand the significance of this observation). Fig. 4C Inset is a representative immunoblot showing that the amount of immunoprecipitated NifH polypeptides was similar in samples of the wild type and ⌬rnf1 and ⌬rnf2 mutants. These results confirmed that ⌬rnf mutants accumulate a large fraction of NifH in a nonnative and [4Fe-4S]-deficient form. The nanomoles of NifH present in the immunoprecipitated material was quantified by immunoblot densitometry that included known amounts of pure NifH as standards. The amount of 55 Fe in the immunoprecipitated material was quantified from the specific radioactivity. For the wild-type strain, the molar ratio of Fe atoms per NifH dimer (63 kDa) calculated from these data were 3.9, indicating that no leakage of Fe from the [4Fe-4S] cluster of NifH occurred during preparation of cell extracts.
Because the steady state of [4Fe-4S] cluster content of NifH is achieved by a balance between cluster incorporation and cluster degradation, we loaded A. vinelandii cells with 55 Fe, chased it away with nonradioactive Fe, and quantified the remaining amount of 55 Fe associated to NifH at different times after the chase. These experiments showed a rapid dilution of 55 Fe associated with NifH; 55 Fe associated with NifH in the wild-type strain had a half-life of Ϸ5 min (Fig. 4D) . In contrast, the cellular level of 55 Fe was stable Data are the mean and standard deviation of at least two independent experiments, except for respiration of ⌬rnf2 mutant, in which a single value was used. Activities in nitrogenase, dinitrogenase, dinitrogenase reductase, aconitase, and catalase were determined in extracts from cells collected 7 h after nitrogenase derepression. *Doubling time (h Ϫ1 ) calculated from the slope of growth curves during the exponential phase.
† mol O2 consumed⅐min Ϫ1 ⅐mg protein Ϫ1 determined in ammonium-grown or diazotrophically grown cells after 7 h of ammonium step-down. ‡ nmol ethylene formed⅐min Ϫ1 ⅐OD580 Ϫ1 . Activities were determined after 1 h of NH4ϩ step-down. § nmol ethylene formed⅐min Ϫ1 ⅐mg protein Ϫ1 . Dinitrogenase and dinitrogenase reductase activities were determined after adding saturating amounts of the complementary nitrogenase component. ¶ nmol cis-aconitate formed⅐min Ϫ1 ⅐mg protein Ϫ1 . mol H2O2 consumed⅐min Ϫ1 ⅐mg protein Ϫ1 . because the half-life of 55 Fe in extracts of wild type was 2.8 Ϯ 0.6 h, which is consistent with an isotopic dilution by cell growth and division (wild-type dt ϭ 2.7 Ϯ 0.1 h; see Table 1 ). The half-life of 55 Fe associated with NifH in ⌬rnf mutants was similar or longer than that of wild type, indicating that the Fe-deficient form of NifH present in ⌬rnf mutants is a consequence of a slower rate of cluster incorporation into NifH rather than a faster rate of degradation (Fig. 4D) .
Functional Specificity of A. vinelandii rnf Gene Clusters. The results presented above show that the Rnf proteins are required for the accumulation of the [4Fe-4S] cluster-containing form of NifH. The possibility that a defective respiratory protection or an increased oxidative stress causes the inability of ⌬rnf mutants to incorporate a full complement of [4Fe-4S] cluster into NifH was tested. The respiration rates of all ⌬rnf mutants were normal when cells were cultured in the presence of ammonium. During nitrogenase derepression, the ⌬rnf1 mutant exhibited a respiration rate similar to the wild type, but the ⌬rnf2 and ⌬rnf1rnf2 mutants consumed oxygen at 70% of the wild-type rate (Table 1) . Growth rates and in vivo nitrogen fixation activities were then determined in A. vinelandii cultures under conditions of low aeration, in which oxygen diffusion rates are 10-fold lower (39) . Low aeration did not change the phenotype of the ⌬rnf1 mutant but partially ameliorated the defects of ⌬rnf2 and ⌬rnf1rnf2 mutants ( Table 1) . For example, the in vivo nitrogen fixation activity of ⌬rnf2 and ⌬rnf1rnf2 mutants was less affected in low aeration than in standard growth conditions ( Table  1 ), suggesting that a lower capacity for respiratory protection might be partially responsible for the defects exhibited by these mutants. It is not possible to discriminate if the decrease in the respiration rate of the ⌬rnf2 mutants is due to a direct participation of the Rnf2 complex in respiration or to a role in the assembly or stability of some [Fe-S] cluster-containing protein of the respiratory chain. If Rnf2 has a direct role in respiratory protection in A. vinelandii, its participation would be minor compared with that of the uncoupled NADH:ubiquinone oxidoreductase (encoded in the ndh gene) (39) . On the other hand, the products of cluster rnf1 are clearly not involved in respiratory protection.
The oxidative stress or a defective Fe metabolism modify the cellular levels of catalase and aconitase activities in bacteria (40) . Table 1 shows that catalase activity was similar in wild-type and ⌬rnf mutant strains, whereas aconitase activity was decreased by 50% in ⌬rnf mutants. Although this decrease in aconitase activity is significant, the lack of an additive effect of both rnf deletions on aconitase activity and the reported high sensitivity of aconitase to different physiological conditions and mutant backgrounds (41) suggests that this effect could be indirectly related to the slow growth of the ⌬rnf mutants during nitrogenase derepression. The ⌬rnf mutations did not change the incorporation of Fe into proteins or the general profile of Fe-containing proteins (see Fig. 4B ), Thus, the lack of rnf genes does not appear to produce general oxidative stress or modification of Fe metabolism in A. vinelandii, suggesting that Rnf protein complexes might be part of specific electron transport chains dedicated to the reduction of specific target proteins.
Discussion
Bacterial rnf gene clusters are generally composed of six genes, rnfA, rnfB, rnfC, rnfD, rnfG, and rnfE that encode the components of a membrane-bound protein complex. Rnf protein complexes are thought to transfer electrons from NADH to a target protein, which in R. capsulatus would be a ferredoxin acting as an intermediate in the electron transfer to nitrogenase, or the transcriptional regulator SoxR in E. coli. Based on gene arrangement within the clusters and amino acid sequence similarities, two major types of rnf clusters can be distinguished in bacteria. Type 1 clusters are found in nitrogen fixers, such as A. vinelandii (rnf1), R. capsulatus (18) , P. stutzeri (38) , and Dechloromonas aromatica (GenBank accession nos. ZP00149636-ZP00149641), and contain an additional rnfH gene of unknown function (Fig. 1) . Type 2 (rnf2) clusters are present in most 55 Fe-labeled cells were incubated with ␣-NifH beads, and the radioactivity present in the immunoprecipitate was quantified. DJ (wt) (■), UW195 (⌬rnf1) (OE), UW207 (⌬rnf2) (), UW198 (⌬rnf1͞2) (ࡗ), and DJ strain immunoprecipitated with Pis (F) are shown. Data at time 0 and 15 min are the mean of two independent experiments (standard deviation is 25%). The data are fit to exponential decay functions (y ϭ y 0⅐e Ϫkx ). (E) 55 Fe accumulation in clarified extracts of wild-type and ⌬rnf mutant strains after 5 h of nitrogenase derepression. In C and E, data represent mean and standard deviation of two independent experiments. ␥-proteobacteria and are linked to a nth gene, which encodes the [4Fe-4S] cluster-containing endonuclease III. The characteristic clustering of rnf and nth genes in ␥-proteobacteria might have functional implications; in fact, rnf and nth genes have been shown to be cotranscribed in E. coli (20) . A. vinelandii carries both types of rnf gene clusters. In contrast to what has been observed in R. capsulatus (18) , our data does not support a role for A. vinelandii Rnf1 or Rnf2 protein complexes in electron transport to nitrogenase. The findings reported here and discussed below are consistent with a model in which the rnf clusters, especially the nif-regulated rnf1 cluster, are required for the early expression of nifHDK during nitrogenase derepression and for the accumulation of the holo-NifH.
Role in the Expression of nifHDK Genes. The A. vinelandii rnf1 and rnf2 gene clusters are required to achieve full expression of nifHDK genes during the first hours of nitrogenase derepression, raising the possibility that the redox state of the NifA antagonist, NifL, (42) could be modified in ⌬rnf mutants. A similar effect has been observed in R. capsulatus (18) and P. stutzeri (38) , where the rnf1-like gene cluster is required for full expression of nifHDK genes, although nifHDK expression does not seem to reach wildtype levels at any time. Interestingly, the rates of rnf1 expression are decreased in ⌬rnf2 mutants, whereas the rates of rnf2 expression are not modified in ⌬rnf1 mutants (data not shown). This finding implies that part of the effect that a deletion of rnf2 has on nitrogenase may in fact be due to lower levels of Rnf1 activity and is consistent with a participation of Rnf protein complexes in the regulation of NifA-NifL transcriptional activity. Testing should continue on A. vinelandii strains that combine mutations in nifL and the rnf1 or rnf2 clusters to determine whether NifL is involved in this regulatory process. (43) . In this work, it was shown that no other protein components were required for the transfer of the [4Fe-4S] to NifH, and DTT as a reducing agent was required for obtaining consistent activity values of NifH reconstitution. This result was interpreted as a requirement of a reducing agent for the stabilization of apo-NifH in a form amenable to activation. Because only NifU, acting as [4Fe-4S] cluster donor, and apo-NifH as a target protein seem to be required to reconstitute mature NifH in vitro, the most likely explanations for the specific requirement of the Rnf complexes during NifH maturation in vivo are as follows: (i) The Rnf proteins could be required to maintain apo-NifH competent for the insertion of the (21) . The authors attributed this effect to increased instability of the oxidized cluster of SoxR in a rsx mutant background. In A. vinelandii, our pulse-chase experiments show that the [4Fe-4S] cluster of NifH from wild type and from ⌬rnf mutant strains exhibit similar stability, and the observed differences can be explained as a failure of the ⌬rnf mutants to incorporate the [4Fe-4S] cluster in NifH. These experiments also allowed us to estimate that the in vivo half-life of the NifH [4Fe-4S] cluster during regular culture conditions of A. vinelandii is Ϸ5 min. As a comparison of cluster stability, the half-life of the highly-sensitive [4Fe-4S] cluster of E. coli aconitase during aerobic growth is also 5 min (44, 45) . The in vivo instability of the [4Fe-4S] cluster of NifH is surprising. At this time, we do not know the cause of this instability; it is possible that it is caused by oxidants generated during aerobic growth of A. vinelandii or because of the catalytic cycle of nitrogenase. In any case, and considering that NifH is one of the most abundant proteins in A. vinelandii during diazotrophic growth, the rate of [Fe-S] cluster synthesis and͞or repair appears to be much larger than previously expected. In this context, the requirement of a specific pathway for nitrogenase [Fe-S] assembly involving NifS, NifU, and the nif-regulated Rnf1 complex for the aerobic diazotrophic metabolism of A. vinelandii seems reasonable. 
